Adult rat cardiomyocytes in long-term culture reexpress several fetal cardiac proteins which also reappear during overload heart hypertrophy in vivo. IGF-I decreases reexpression of some of these proteins and stimulates myofibrillogenesis. IGF-I might therefore contribute to enhancing readaptation of the heart to overload. In order to test this hypothesis, hypertension was induced in male Wistar Kyoto rats by constriction of the left renal artery, and an infusion of 500 mg/day of recombinant human IGF-I (rhIGF-I) or vehicle was started after the operation via intraabdominally implanted osmotic minipumps. In the vehicle-treated hypertensive animals body weight gain was reduced after 3, 7 and 14 days, whereas rhIGF-I-treated hypertensive animals continued to gain weight like sham-operated animals. Left ventricular weight and the left, but not the right ventricle/body weight ratio increased more in rhIGF-I-than in vehicle-infused rats. Left ventricular IGF-I mRNA levels remained unchanged after renal clipping in both vehicle-and rhIGF-I-treated rats. However, b-myosin heavy chain (MHC) mRNA in the left ventricle was 6-to 10-fold increased in clipped controls during the whole postoperative period, and rhIGF-I reduced this increase by more than 50% on days 7 and 14. On the first postoperative day, rhIGF-I prevented the decrease (50%) of a-MHC mRNA and the increase (2.5-fold) of atrial natriuretic factor mRNA in the left ventricle. Renal clipping did not alter cardiac a-actin, but enhanced skeletal a-actin mRNA expression in the left ventricle up to 2.5-fold. However, both mRNAs were unaffected by rhIGF-I treatment. Restoration of body weight gain and stimulation of left ventricular cardiac weight by rhIGF-I as well as partial reversion of hypertension-induced changes in cardiac protein expression may reflect beneficial effects contributing to enhance readaptation of the heart to overload.
Introduction
Insulin-like growth factor (IGF)-I exerts specific cardiac effects. In vitro, it stimulates b-myosin heavy chain (MHC) and skeletal a-actin of cultured neonatal cardiac cells (1, 2) , and it enhances myofibril development and decreases smooth muscle a-actin and atrial natriuretic factor (ANF) in long-term cultures of adult rat cardiomyocytes (3, 4) . In vivo, IGF-I increases heart weight in normal and hypophysectomized rats (5) (6) (7) (8) . In particular, IGF-I stimulates a-and b-MHC and skeletal a-actin, major components of myofibrils, and decreases ANF expression (6) . Administration of IGF-I has been reported to improve doxorubicin-induced cardiomyopathy (9) and to enhance left ventricular function in normal rats (8) and in rats developing cardiac failure (7, 10) . Furthermore, IGF-I limited the reperfusion injury after myocardial ischemia by inhibition of apoptosis and of leukocyte-induced cardiac necrosis in rats (11) .
Based on our findings in cultured adult rat cardiomyocytes (3) and on findings reported in the literature we recently proposed an hypothesis to explain the development of overload heart hypertrophy (3) -overload increases wall stress. Transforming growth factor-b1, basic fibroblast growth factor and catecholamines may subsequently participate in transforming the increased mechanical load into biochemical signals (12) (13) (14) (15) (16) which elicit production of scaffold proteins for sarcomerogenesis, such as a-actin isoforms (17, 18) , and upregulation of ANF (19) (20) (21) , IGF-I (22) (23) (24) (25) and type 1 IGF receptors (26) . Locally produced IGF-I may then act in an auto-/paracrine manner to induce formation of new myofibrils and to downregulate aactin-isoforms, which are no longer needed as a scaffold, as well as ANF whose diuretic effect is no longer required.
In order to assess the possible functional role of IGF-I in vivo during developing cardiac hypertrophy, hypertension was induced in rats by constriction of the left renal artery. Since IGF-I enhances myofibril development (3, 6) , infusion of exogenous IGF-I might contribute to more rapid and more extensive myofibril building and thus enhance readaptation of the heart to overload.
Materials and methods

Animals
Renal hypertension was induced by the Goldblatt method adapted to the rat (27) . Male Wistar Kyoto rats weighing 120 g were used. A silver clip (0.2 mm inner diameter) was placed on the left renal artery of 80 rats under halothane anesthesia (2.5%). Ten agematched animals were sham-operated. Intraoperatively, Alzet mini osmotic pumps (model 2001, Alza Corp., Palo Alto, CA, USA) filled with recombinant human IGF-I (rhIGF-I, Ciba-Geigy, Basel, Switzerland) in 0.1 mol/l acetic acid or with solvent were implanted intraabdominally. Forty-five animals were randomized to receive rhIGF-I (500 mg/day) and 45 to receive solvent (controls). Body weight, heart rate and systolic blood pressure (measured by the tail cuff method) were determined on day 4 and day 1 before operation and on days 1, 3, 7, and 14 after operation. Animals with renal clips who failed to develop hypertension (increase of systolic blood pressure by less than 20 mmHg) after 7 days were excluded from the experiment. One, 3, 7 and 14 days after clipping, animals were anesthetized with halothane and bled by jugular vein catheterization. Sham-operated rats were killed on day 14. Hearts were rapidly excised, the left and the right ventricle were separated, weighed, immediately frozen in liquid nitrogen and stored at ¹80 ЊC until RNA isolation.
RNA isolation and Northern blotting
Total RNA was isolated according to standard procedures (28) . Frozen tissue (0.1-0.2 g) was homogenized in a Polytron homogenizer (Brinkman Instruments, Westbury, NY, USA) at 4 ЊC in 3 ml ice-cold 4 mol/l guanidinium isothiocyanate, pH 7.0, containing 5 mmol/l sodium citrate, 0.1 mol/l b-mercaptoethanol and 0.5% sarcosine, and RNA was isolated through a cesium chloride gradient. RNA samples were then dissolved in diethylpyrocarbonate-treated H 2 O and concentrations determined spectrophotometrically at 260 nm.
Twenty micrograms denatured RNA per lane were electrophoresed on a 1% agarose gel containing 2 mol/l formaldehyde, transferred to a nylon membrane (Hybond-N, Amersham International, Amersham, Bucks, UK), and RNA fixed by UV crosslinking. The filters were prehybridized at 37 ЊC (for the a-MHC probe) or at 42 ЊC (for the other probes) for at least 2 h in a solution containing 25% (a-MHC prehybridization) or 50% formamide, 5 × Denhardt's solution (0.02% w/v Ficoll, 0.02% w/v polyvinyl pyrrolidone), 5 × SSPE (20 × ¼ 3.6 mol/l NaCl, 0.2 mol/l sodium phosphate, 0.02 mol/l EDTA pH 7.7), 0.2% SDS and 100 mg/ml heatdenatured salmon sperm DNA. The following cDNA probes were used for hybridization: rat skeletal a-actin (410 bp) and cardiac a-actin cDNA (500 bp) corresponding to the 3 0 -untranslated regions (kindly provided by Dr P Gunning, Cell Biology Unit, Children's Medical Research Institute, Wentworthville, Australia); mouse ANF cDNA (700 bp) (kindly provided by Dr K R Chien, Center of Molecular Biology, La Jolla, CA, USA); rat IGF-I cDNA corresponding to the genomic sequences between nucleotide 2054 of exon 1 and nucleotide 868 of exon 5 (kindly provided by Dr J Schwander, Basel, Switzerland); and yeast 18S cDNA (kindly provided by Dr Kolousek, University Hospital Zü rich, Switzerland). These cDNA probes were labeled by random primer extension using a commercial kit (Boehringer-Mannheim, Mannheim, Germany) and [a-
0 -triphosphate (ϳ3000 Ci/mmol, Amersham). The aand b-MHC mRNAs were identified using specific oligonucleotides corresponding to 20-mers from the 3 0 -untranslated regions of the MHC mRNAs (29) . The probes were synthesized by Microsynth, Windisch, Switzerland. The oligonucleotide probes were labeled at the 5 0 -end using a commercial kit (BoehringerMannheim) and [g-32 P]ATP (ϳ3000 Ci/mmol, Amersham). Hybridization was performed in the same solution as described for prehybridization. Incubation time with the cDNA probes was 48 h at 42 ЊC. With the a-and b-MHC oligonucleotide probes incubations were carried out overnight at 37 ЊC and 42 ЊC respectively. The filters were washed twice for 15 min at room temperature in 2 × SSPE/0.1% SDS and subsequently three times in 0.1 × SSC/0.1% SDS for 20 min at 48 ЊC (cDNA probes) and 65 ЊC (18S cDNA) respectively, or three times in 2 × SSPE/0.1% SDS for 20 min at 39 ЊC (a-MHC) or 42 ЊC (b-MHC). mRNA levels were quantitated by scanning densitometry using a BioRad video densitometer (Richmond, CA, USA). Variations of gel loading were corrected by normalization for the corresponding 18S ribosomal RNA values.
IGF-I determination
Serum IGF-I (endogenous or infused) was separated from IGF-binding proteins by chromatography of 0.1 ml serum (adjusted to 0.25 ml with PBS/0.2% HSA) on Sep-Pak C18 cartridges (Waters, Millipore, Milford, MA, USA) according to the protocol provided by the supplier (Immunonuclear, Stillwater MN, USA). After reconstitution with 1 ml PBS/0.2% HSA, pH 7.4, samples were assayed at three different dilutions (1:5, 1:10, 1:20), using two different RIAs. In the first RIA, immunoreactive rat IGF-I was determined using a rabbit antihuman IGF-I antiserum (gift from the late Dr Reber, Hofmann-La Roche, Basel, Switzerland) at a final dilution of 1:20 000 (30) and rat IGF-I as a standard (gift from Dr M Kobayashi, Fujisawa Pharmaceutical Co., Osaka, Japan). In the second RIA, infused rhIGF-I was measured with a rabbit anti-human IGF-I antiserum (produced by our laboratory) (31) which does not crossreact with rat IGF-I at the dilutions used, and rhIGF-I (Ciba-Geigy AG) as a standard.
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I-rhIGF-I (ϳ350 Ci/g; Anawa, Wangen, Switzerland) was used as a tracer. After preincubation of the antisera (0.2 ml) with standards or samples (0.1 ml) for 24 h at 4 ЊC,
I-rhIGF-I (30-40 000 c.p.m., 0.1 ml) was added, and incubation was continued for another 24 h, before precipitation with the second antibody (goat anti-rabbit immune globulin antiserum) was carried out (31) .
In the rat IGF-I RIA, rhIGF-I crossreacts 5-to 10-fold better than rat IGF-I in a non-parallel fashion. Therefore, total (human þ rat) IGF-I levels in the rhIGFinfused animals cannot be measured. Infusion of normal rats with 1 mg/rat per day rhIGF-II, which does not crossreact in the rat IGF-I RIA, results in 36.8 Ϯ 11% suppression of endogenous rat IGF-I ( J Zapf, unpublished observations). As an approximation, rhIGF-I can be assumed to cause a similar suppression of endogenous IGF-I as rhIGF-II. Assuming a linear relationship between dose and suppressive effect, 0.5 mg/rat per day would cause an ϳ18-19% reduction of endogenous IGF-I. Therefore, total IGF-I levels in our rhIGF-I-infused animals can be estimated by adding ϳ80% of the endogenous IGF-I value determined in vehicle-treated rats to the rhIGF-I levels determined under rhIGF-I treatment.
Statistical analysis
The results for different groups of animals are expressed as means Ϯ S.E.M. Comparisons of curves were performed using area under curve determinations as described previously (32) . The statistical significance was determined by Student's t-test for comparisons between rhIGF-I-treated and untreated animals of each treatment day and for comparisons between the various treatment days and untreated controls on day 0.
Results
Serum IGF-I levels
Endogenous (rat) serum IGF-I levels in clipped hypertensive animals were 1375 Ϯ 124, 1389 Ϯ 134, 1496 Ϯ 135 and 1559 Ϯ 127 ng/ml on days 1, 3, 7 and 14 after renal clipping. During rhIGF-I infusion, exogenous rhIGF-I serum levels as determined with the human IGF-I RIA 1, 3, 7 and 14 days after renal clipping were 1201 Ϯ 145, 906 Ϯ 152, 928 Ϯ 137 and 920 Ϯ 142 ng/ml respectively. As mentioned above, these latter values only reflect infused, but not total, i.e. endogenous rat IGF-I þ exogenous rhIGF-I. According to the explanation given in Materials and Methods, total IGF-I levels during rhIGF-I treatment can be estimated to lie between 2000 and 2300 ng/ml.
Systemic arterial pressures and heart rates
Clipping of the left renal artery significantly increased the systemic arterial blood pressure of both control and rhIGF-I-treated animals on day 1 (Fig. 1A) . Blood pressure increased further on days 3, 7 and 14. Heart rate decreased 1 and 3 days after constriction of the left renal artery but increased again later and was comparable to that in sham-operated animals on days 7 and 14 (Fig. 1B) . No significant changes were observed in sham-operated animals. Treatment with rhIGF-I had no significant influence on blood pressure or heart rate in the clipped animals.
Growth parameters
Hypertension reduced body weight gain significantly after 3, 7 and 14 days as compared with sham-operated rats ( Fig. 2A) . In contrast, body weight of clipped rhIGF-I-treated animals continued to increase as in shamoperated rats (Fig. 2A) . In rhIGF-I-treated hypertensive rats, left ventricular weights were greater than in clipped controls (Fig. 2B) . The same was true for the left ventricle/body weight ratio (Fig. 2C) . After 14 days all clipped animals had a higher left ventricle/body weight ratio than the corresponding group of sham-operated rats (Fig. 2C) . rhIGF-I did not change left ventricle/body weight ratio of sham-operated rats. Right ventricle/body weight ratios were similar in all groups of rats (not shown).
Effects of rhIGF-I on mRNA expression of aand b-MHC, ANF, skeletal and cardiac a-actin, and IGF-I Hypertension stimulated b-MHC mRNA expression in the left ventricle 6-to 10-fold during the whole postoperative period. Under rhIGF-I treatment, b-MHC mRNA expression was significantly reduced between days 7 and 14 (Fig. 3B) . b-MHC mRNA expression increased much less (ϳ2-fold) in the right ventricle and was not altered by rhIGF-I (not shown).
a-MHC mRNA expression in the left ventricle decreased by 50% on the first postoperative day in the untreated, but not in the rhIGF-I-treated hypertensive animals (Fig. 3A) . At later time points (up to 7 days), a-MHC mRNA expression was not significantly different from preoperative levels and was not affected by rhIGF-I. After 14 days expression tended to decrease in both hypertensive and sham-operated animals.
ANF mRNA expression increased 2.5-fold after renal clipping and persisted throughout the whole postoperative period (Fig. 3C) . The increase was prevented by rhIGF-I on the first postoperative day, but not later on.
Skeletal a-actin mRNA was stimulated 1.5-to 2.5-fold in hypertensive rats. However, it was not influenced by rhIGF-I at any time point (Fig. 3D) . Left ventricular cardiac a-actin and IGF-I mRNA expression (Fig. 3E and  F) did not significantly change during hypertension with or without rhIGF-I treatment.
Discussion
The purpose of the present study was to assess the effects of rhIGF-I treatment on the heart in rats exposed to cardiac overload after constriction of the left renal artery. One of the most obvious features following the increase in blood pressure was a significant reduction in body weight gain which manifested itself 3 days after renal clipping and persisted throughout the whole postoperative period. rhIGF-I treatment restored body weight gain to that of untreated sham-operated animals. It also caused a greater increase of the left ventricular weight in hypertensive as well as in shamoperated animals as compared with the corresponding untreated groups. Furthermore, the left ventricle/body weight ratio increased more in rhIGF-I-treated than in untreated hypertensive rats. In both the rhIGF-treated and the untreated hypertensive group this ratio was significantly higher than in rhIGF-I-treated or untreated sham-operated animals. The increased left ventricle/ body weight ratio during rhIGF-I treatment of the hypertensive animals may reflect a greater capacity of the left ventricle to cope with cardiac overload. The first detectable changes in cardiac gene expression during heart hypertrophy due to cardiac overload are reflected by the activation of a program of immediate early genes such as c-fos, c-jun and egr-1 (16) . These changes are rapid and transient and are followed by reexpression of genes normally 'active' only in the fetal ventricle, such as the b-MHC, the skeletal aactin or the ANF gene, and by induction of genes coding for contractile proteins, such as cardiac a-actin (16) . At the same time, a-MHC gene expression is downregulated. These latter changes persist during myocardial cell hypertrophy. In our rats, b-MHC, ANF and skeletal a-actin mRNA expression increased significantly after renal artery constriction and the subsequent rise in blood pressure, but cardiac a-actin mRNA levels remained unchanged. b-MHC mRNA increased 6-to 10-fold and stayed elevated during the whole postoperative period. In contrast, a-MHC mRNA expression did not significantly change postoperatively, apart from a transient fall on the first postoperative day, which was prevented by rhIGF-I. b-MHC upregulation has been shown to correlate with overload (33) . Therefore, the or 500 mg/day of rhIGF (solid bars) from days 0 to 14, and in age-matched shamoperated animals (sham). Hypertension was induced by renal artery clipping (day 0). Twenty micrograms total RNA from the left ventricle of each rat was electrophoresed (separate gels for each treatment day including rhIGF-I-treated and untreated hypertensive animals, and untreated controls from day 0), transferred to a nylon membrane and hybridized as described in Materials and methods. Membranes were stripped (0.1 × SSC/0.1% SDS at 90 ЊC, 60 min) before rehybridization with the next probe. Quantification of the hybridization signals was performed by scanning densitometry. Data were corrected for the corresponding 18S ribosomal RNA values. The values of the untreated controls at day 0 were taken as 1.0. The number of rats in each group on days 1, 3, 7 and 14 was 10, 10, 9, 8 for untreated and 10, 10, 6, 7 for rhIGF-I-treated hypertensive animals. Five animals each (age-matched) were sham-operated and treated for 14 days with vehicle or rhIGF-I (sham). Five animals (age-matched) were killed on day 0 (untreated controls; hatched bars). P values between each time point and day 0 are given on top of each bar. P values comparing untreated and rhIGF-I-treated hypertensive rat are marked by horizontal lines; *<0.05, #<0.02, §<0.01, **<0.001, ***<0.0001. (G, opposite page) A representative Northern blot. Twenty micrograms total RNA from the left ventricles (pooled from rats of each treatment group and day) were electrophoresed, transferred to a nylon membrane and hybridized as described in Materials and methods. The same membrane was used for sequential hybridization with each probe after stripping (see above), which removed previous hybridization signals.
pronounced suppression of b-MHC by rhIGF-I treatment on day 7 and 14 after renal clipping may indicate that, by that time, the left ventricle was able to better compensate the overload than in the untreated hypertensive group. The greater left ventricular weight and the greater left ventricle/body weight ratio in the rhIGF-I-treated hypertensive animals point in the same direction. Although the lower adenosine triphosphatase activity of b-as compared with a-MHC may convey greater economy to contraction because of thermodynamic advantages (34) , it is associated with diminished myocardial contractility (35) . The reduction of b-MHC expression by rhIGF-I in the presence of unchanged a-MHC expression, which results in a more 'physiological' a-to b-MHC ratio than in the untreated hypertensive animals, may thus reflect a more favorable balance between economy of contraction and contractility and possibly a better readaptation to pressure overload. The cellular and molecular mechanisms potentially responsible for the additional enlargement of the left ventricular mass after rhIGF-I treatment are likely to be directly mediated by IGF-I.
IGF-I induces formation of new myofibrils in cultured adult rat cardiomyocytes (3) and stimulates myofibrillar gene expression in normal rats in vivo (6) . Therefore, IGF-I may enhance the effect of hypertrophy on the increase of left ventricular mass.
Ventricular ANF and skeletal a-actin are considered as 'fetal' cardiac proteins which are reexpressed during heart hypertrophy (18) (19) (20) (21) . Both ANF and skeletal aactin mRNA increased significantly after renal clipping and stayed elevated during the whole postoperative period. rhIGF-I did not significantly influence the increase in skeletal a-actin. The suppression by rhIGF-I of the increase in left ventricular ANF on the first postoperative day is in line with results obtained in longterm cultures of adult rat cardiomyocytes (4) and in normal (normotensive) rats (6) . However, later during hypertension the suppressive effect of rhIGF-I disappeared. It may have been overridden by the continuous hypertensive stimulus on ANF expression. Indeed, it has been shown that activation of ventricular mRNA expression does not only depend on left ventricular enddiastolic pressure, which may be the potential trigger of this activation at early stages after renal clipping, but also on the development of hypertrophy (21) .
One of the surprising findings, which contrasts with reports in the literature (21) (22) (23) (24) (25) , was that pressure overload did not significantly enhance left ventricular IGF-I expression. Upregulation of IGF-I as reported in the literature (22) (23) (24) (25) occurred at different times after the onset of hypertension. In one study (22) a 5-fold increase of left ventricular IGF-I mRNA was observed 4 days after renal artery clipping, but not after 2 or 7 days. Following unilateral nephrectomy, IGF-I mRNA expression increased 8-fold after 3 weeks and persisted up to 6 weeks (25) . A more modest (50%) enhancement of IGF-I mRNA expression was reported 7 and 21 days after aortic banding (24) , and a 4-fold rise was noted in the right ventricle 35 days after induction of chronic hypoxia (23) . The failure to detect significant changes of IGF-I mRNA expression in our hypertensive rats might therefore be explained by the fact that we either missed a transient rise during the course of the experiment or that hypertension did not last long enough to cause a significant rise.
Previous reports have shown beneficial effects of IGF-I on the heart; doxorubicin-induced cardiomyopathy is improved (9) , and left ventricular function is enhanced in normal rats (8) and in rats developing cardiac failure (7) . In vitro, IGF-I enhances the contractility of cultured neonatal rat cardiomyocytes (36) and exerts positive inotropic effects on the isolated perfused rat heart (37, 38) . We have recently shown that IGF-I also has positive inotropic effects on the heart of normal human subjects; it improves cardiac performance with a significant increase in stroke volume, cardiac output and the ejection fraction (39) . Similar observations were made in patients with heart failure (40) . The rhIGF-I-induced changes in the hearts of our hypertensive rats may reflect beneficial effects contributing to enhance readaptation of the heart to overload. 
